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STATEMENT OF DISCLAIMER 
 
 
Since this project is a result of a class assignment, it has been graded and accepted as fulfillment of the 
course requirements. Acceptance does not imply technical accuracy or reliability. Any use of 
information in this report is done at the risk of the user. These risks may include catastrophic failure of 
the device or infringement of patent of copyright laws. California Polytechnic State University at San 
Luis Obispo and its staff cannot be held liable for any use or misuse of the project. 
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 ABSTRACT 
 
This project created a versatile thermoelectric refrigerator that can be used via a wall outlet. The product 
is durable and effective. The refrigerator is functional in any ambient temperature, and uses thermoelectric 
cooling, and work from a standard 120V power outlet. By understanding existing products’ limitations 
and strengths, this project produced a product that outperforms what’s currently on the market. Many of 
the existing products’ operating temperature is dependent on the ambient temperature of the surroundings, 
which is a large drawback. Additionally, most of them take a long time to reach their lowest temperature, 
around 3 hours. One team member, Josh DiMaggio, did research with the Cal Poly Physics department 
over the Summer of 2017 on the effectiveness of Peltier devices in refrigeration. Josh discovered that when 
Peltiers are thermally in series they can create a much larger temperature difference. A Peltier is a 
thermoelectric cooling device, therefore satisfying the design requirement. Key design challenges included 
the following: heat transfer through the insulation, power draw, thermodynamic efficiency, structure 
strength, intuitive interface, along with other crucial factors. Following design, the refrigerator was built, 
tested, and the preliminary analysis was validated against the test results. There are plenty of existing 
patents regarding thermoelectric cooling, but only a few like what this project achieved. The final design 
is presented in this document.  
 
1.0 INTRODUCTION 
 
Throughout the world, refrigeration is a critical means for storing food and perishable resources. Although 
a vapor-compression cycle is an excellent means of refrigeration, a device that utilizes this cycle can be 
expensive and difficult to maintain. Another means of refrigeration, thermoelectric cooling, employs the 
use of a phenomenon known as the Peltier Effect—which requires no working fluid. This project team has 
been tasked with designing, testing, and manufacturing a refrigeration device that makes use of this effect. 
The main design objectives of this project are to create a lightweight, compact refrigerator that is 
inexpensive and reliable.  
 
2.0 BACKGROUND 
 
Current refrigerators that use Peltier devices as the only source of cooling typically have a standard design. 
Most have one or two Peltier devices, each with a large heatsink and fan on the hot side and a smaller 
heatsink and fan on the cold side. For some designs, the fans were on top of the heat sinks, and for others 
the fans were adjacent. Since most refrigerators are similar, a CPU refrigerator was ordered to deconstruct 
and observe typical internals. This is the bare bones of most refrigerators, with 2 Peltiers, 2 heat sinks, and 
2 fans, the layout can be seen in Figure 2.1. 
 
One of the refrigerators that was baselined, the Igloo Iceless TEC Refrigerator, had an interesting design; 
on the cold side heat sink, there was an added 2-inch cube protrusion. Its sole purpose was to accommodate 
the geometry of the rest of the refrigerator. Without this added metal, which makes the fin array much less 
efficient, the heatsink is not in contact with the cold side of the Peltier, hindering heat transfer. This was 
documented as an inefficient design which was avoided for this project. A photo of the cold side setup can 
be seen in Figure 2.2.  
  
Figure 2.1.    On the left is a photo of the cold side of the Peltier, the right photo is a side view of the setup 
with the top Peltier’s fans removed. Side view of the CPU refrigerator, from left to right the 
setup is cold side fan, cold side heat sink, thermoelectric grease, foam insulation, Peltier, hot 
side heat sink (much larger than cold side), large fan. 
 
A Peltier/Fan setup that is in an actual cooler design can be seen in Figure 2.2, the inside of the Igloo. 
 
 
Figure 2.2.    Cold side of Peltier setup in the igloo iceless. 
 
The Igloo refrigerator plugs into the 12V outlet in a car, with 6A current draw, and there is an optional 
120V adapter that can be purchased if the user desires to use the refrigerator with a wall outlet. This 
versatility in design was noted and has been incorporated into the design presented in this document. The 
Igloo refrigerator only uses one Peltier in the lid of the refrigerator and can get to 36ºF below ambient. It 
does, however, take 3 hours empty to achieve this. This became one of the design goals for the new design: 
reach operating temperature faster than 3 hours, ideally in under 1. The primary insulation used is 
polystyrene. The predominant customers of this product, as seen in its Amazon reviews, are truck drivers, 
travelers on road trips, and people keeping personal medicines cold. [1] The main product requirements 
extrapolated from these reviews include portability, large cooling space, and long life. Figure 2.3 shows 
the hot side of the Peltier setup, with fan and heatsink adjacent to each other. The only thing resembling a 
temperature control used in the Igloo is a thermostat sensor that will limit current from flowing to the 
 Peltier if the temperature becomes too high. This sensor is a safety measure and can be seen in the picture 
with a yellow wire running to it, screwed into the bottom of the heatsink. Noting this low level of 
tuneability in the refrigerator, the final design of the refrigerator presented in this document contains fine 
tune control, with the user able to control chamber temperature down to the degree. 
 
  
Figure 2.3.    Hot side of Peltier setup in the Igloo Iceless Refrigerator.  
 
Another refrigerator that was ordered was the BESTEK 30-quart car refrigerator, which plugged into the 
12V outlet in a car. This “refrigerator” has both a heating and a cooling setting, with claims of cooling 
45ºF below ambient, or up to 140ºF for its heating setting. This was a benefit of this design over the Igloo, 
and the versatility of use led to brainstorming that has driven the design documented in this paper to include 
a freezing section, cooling section, and the potential to also be made into a heater. This heater/refrigerator 
draws 4A of current from the 12V source, and weighs 12.8 lb. This device also only uses one Peltier. Some 
limitations of the products taken apart include: no temperature control, temperature ratings are dependent 
on ambient temperature, thermal insulation on the sides of the Peltiers is minimal, and usually only one 
Peltier is used. Noting these limitations, superior design goals have been set for this new design and have 
been discussed with respect to the competition. Plenty of models of similar car thermoelectric refrigerators 
are available on Amazon, including the Koolatron and Coleman Powerchill. [2]  
 
Wine refrigerators, such as the Vinotemp V16TEDS also frequently use thermoelectric cooling because it 
is quiet and doesn’t vibrate like a typical compressor refrigeration design. Many designs using Peltiers 
have temperature ratings in degrees below ambient, which works well for something which will be stored 
in a home as the ambient temperature is generally regulated by a thermostat. Unlike the cheaper 
refrigerators, most wine refrigerators have a temperature control interface, so the user can specify the exact 
temperature. [3] This adds benefit for the user and has been incorporated into the final design documented 
in this paper. 
 
Thermoelectric cooling is used in hospital applications, like the Helmer Scientific MLR102 [4]. Research 
was performed in depth to find information and specifications on these types of hospital thermoelectric 
refrigerators, however bounded limited results. An interesting thing about the Helmer model is that it 
claimed to be more energy efficient than a normal refrigerator. From the preliminary research, it appears 
that TEC cooling is less efficient than normal refrigeration methods. 
 
Over the summer Josh was tasked with furthering the research with the physics department under Dr. Peter 
Schwartz. The Physics department was analyzing the performance and efficiency of thermoelectric 
refrigerators and a simple prototype was created, see Figure 2.4, to understand the application of the 
research. Using mostly recycled materials and a straightforward design, the device achieved freezing 
 temperatures with relatively small current inputs. Getting to freezing temperatures was accomplished by 
putting a Peltier back to back with another Peltier to double the possible temperature change.  
 
 
Figure 2.4.    Picture of Josh’s summer project. Current configuration is two Peltiers (not stacked) each 
with a heat pipe fin array to use for heat dissipation from the hot side. 
 
A lot of data was analyzed to determine the greatest efficiency achievable when operating at such low 
temperatures, which can be seen in Figure 2.5. 
 
 
Figure 2.5.    Temperature data collected as a result of stacking Peltiers and supplying different currents to 
each the hot and cold side Peltiers.  
 
The key limiting factor was the heat extraction, due to limited heatsink capabilities. Past a certain 
threshold, when current was supplied the system it caused it to become oversaturated with heat and a 
divergence of temperature was observed, and the become an oven. This first test provides many areas for 
improvement, including: improving the insulation and creating a more durable test device. The Peltier 
 closest to the inside of the refrigerator is referred to as being on the “cold side” and the Peltier closest to 
the outside of the refrigerator is referred to as being on the “hot side”. This nomenclature is based upon 
the heat flow, the Peltier on the outside will physically be hotter than the one on the inside of the 
refrigerator. The data acquired from the stacked Peltier tests can be seen in Figure 2.5. In the first part of 
graph, up to the first peak, the hot Peltier is held fixed at 3 amps, while the cold side Peltier is changed 
from 1-5 amps until it diverges, and the heat extractor is saturated. The next part is where the cold side of 
the Peltier is held fixed at 3 amps, while the hot side Peltier is changed from 1-8 amps, where 5 amps acted 
with the largest change in temperature. 
 
2.1 PATENT RESEARCH 
 
There are many patents regarding thermoelectric cooling, some dating back as far as the 1950s. Few 
employ Peltiers as the primary source of heat extraction, in fact many of the patents used a standard 
refrigeration cycle’s cool side as the hot side of the Peltier. This design essentially had a thermoelectric 
freezer and a refrigerant run refrigerator. Other patents found used Peltiers for creative methods of making 
clear ice. Very few of the patents that were researched employed Peltier stacking as was proposed in the 
previous section—which made it a good candidate for further research in the scope of this design.  
 
Table 2.1.    List of patents relevant to the project. 
Patent Number Inventor/Company and Date Description 
9,759,472 Whirlpool Co. - 12/13/2012 
Clear ice maker that utilizes TEC, vibrates ice tray 
as warm airflow contacts top of water. 
9,714,784 Whirlpool Co. - 12/3/2012 
Uses the fresh food compartment as the hot side of 
a TEC module and cools a freezer compartment. 
RE39,287 
Medical Products Inc. - 
7/19/2001 
A temperature-controlled cabinet system for use in 
an ambulance. 
US5188286A 
William E. Pence IV - 
2/23/1993 
Temperature control using Peltier elements 
thermally in series. 
US2984077A 
Harold V. Gaskill - 10/24/1958 
 
Strips of thermoelectric material with an insulating 
material between them. Using the properties to 
create cooling with the first material adjacent to the 
former, and another set-in series to have a cooling 
effect. 
 
2.2 TECHNICAL LITERATURE RESEARCH 
 
To create a refrigerator, it is important to research insulation types and methods of cooling the Peltier 
device itself. Currently Peltiers are only around 10-15% efficient, making the insulation a critical part of 
the design. The efficiency of the Peltiers is another area that can be researched, as well as the maximum 
temperature difference that can be achieved across a single Peltier. Research done by Cal Poly students 
under Dr. Peter Schwartz showed the most effective current rates to flow through specific models of 
Peltiers to get the highest temperature difference. [5] Refrigerators typically use a type of foam insulation 
or vacuum insulation panels. The main premise behind the vacuum insulation panels is to reduce heat 
transfer through conduction and radiation. Vacuum panels can be difficult to keep protected, however, as 
they must be completely waterproof, and cannot be punctured if the vacuum is to be maintained. The 
 service life is also extremely variable, with a range of 5-25 years. [6] The material used for insulation also 
becomes very important, as reducing pore size to a Nano level largely decreases the heat transfer due to 
conduction. One particular material that was looked into was aerogel, which is silica in which the 
gelatinous components have been extracted and replaced with air, making it a very light yet effective 
insulator. Aerogel pores can be as small as 5 nm. [7] Aerogel is brittle, however with reinforcement it may 
be an excellent choice for this application.  
 
Since Peltiers cool by transferring the heat across them, the coldest temperature they can achieve is limited 
by the heat extraction on the hot side. There are a variety of Peltiers, that all have different maximum ΔT 
ratings, with the larger temperature changes being more expensive. Overall, water cooling was found to 
be the most effective, followed by air cooling. Heat pipes within heatsinks on the hot side of the Peltiers 
was the most effective at dissipating the heat. Heat pipes are easy to use because the cooling is passive. 
Forced convection from the Peltier to water was the second most effective way of cooling, followed by 
natural convection. [8] This same finding was found for air forced and natural convection. Fans and pumps 
have drawbacks however because they introduce moving components into the system, and no moving 
parts is one of the main advantages of Peltier cooling. A 3D chart of the findings for temperature and 
efficiency can be seen in Figure 2.6. For this design a combination of the top two most effective cooling 
methods has been employed using a water -cooled radiator and fan combination. 
 
 
Figure 2.6.    This plot shows the results of all the types of cooling tested in the research. [8] 
 
Research published in the Journal of Heat and Mass Transfer shows data from Peltiers in combination. 
This research found that Peltiers in series can achieve a larger temperature difference than Peltiers in 
parallel. Further research into stacking Peltiers showed that running different currents through each of the 
Peltiers can increase the temperature change further, by finding the most efficient current for each. The 
research also showed that stacking the Peltiers in a pyramid shape as seen in Figure 2.7 produces even 
larger temperature drops. [9] For this design, Peltiers in series are used, however in initial design stages 
there were limitations as to how much heat could be transferred from one Peltier to the next, and in some 
cases did not provide beneficial results. Moving forward, Peltiers that have been manufactured with several 
semiconductor layers in series will be used. While this does not allow for independent current control it 
greatly increases the rate of heat transfer between each layer. 
 
  
Figure 2.7.    Schematic of the two-stage TEC unit. [9] 
 
 
3.0 OBJECTIVES 
 
The research conducted for this project, goals of the project, engineering specifications, planned design 
tactics, and communication with the sponsor will be discussed below. 
 
Based on research and communication with the customer, the most important customer needs have been 
identified. For this product, it is highly desirable for it to be easy to use, portable, and have a low cost. The 
customer requires that the product has cooling and heating capabilities with a variable temperature setting 
and a user-friendly interface. In addition, the product must be able to utilize power from a 120V wall 
outlet. The Problem Statement that defines the scope and goals of this project is as follows: 
 
The goal of this project is to develop a versatile method of refrigeration that can be used 
by many different people. The product should be cost effective and utilize green materials 
because the current market has poor quality options that do not meet needs economically 
or for performance. 
 
A list of engineering specifications was generated based on experience and research as well as customer 
requirements, displayed in Table 3.1. 
 
Table 3.1.    Detailed description of engineering specifications. 
Spec. # Parameter 
Description 
Requirement or 
Target (units) 
Tolerance Risk Compliance 
1 Capable of Freezing  -10ºF ±1ºF  L T, I 
2 Maximum 
Temperature 
130ºF   Maximum M T, I 
3 Weight  <30 lb.  ±1 lb.  M  T, I 
 4 Size ≥30 quarts  Minimum  L  A 
5 Cost  < $250  Maximum  L A  
6 Temperature Control 
Speed 
 30 min ± 2 min   M  T 
7 Compressive Loading  400 lb. Minimum  H  T, I 
8 Variable Temperature 
Range 
-10ºF to 130ºF  ± 5ºF   M  T, I, S 
9 Non-Toxic Materials - - H A 
10 Easy to clean - - L I 
11 Green Design - - M A 
12 Internal Battery 10,000 mAh ± 100 mAh L A 
13 Works with 12V car 
power output or solar 
panels 
- - L A, T 
14 Capable of Heating 130ºF ±1º M A 
15 Easy User Interface - - L S 
16 Bluetooth (V5) - - L S 
 
Below is a list of the above specifications with detailed descriptions accompanying them. 
● Capable of Freezing - The goal of this project is ultimately to design a product that can reach 
freezing temperatures, specifically around -10ºF 
 ● Maximum Temperature - To ensure that the system doesn’t reach potentially dangerous 
temperatures, the temperature must be regulated with a maximum allowable temperature. 
● Weight - The product must be easily lifted by a wide range of people and must not have a 
potentially dangerous weight.  
● Size - The product must have a reasonable amount of storage space. 
● Cost - The product must be reasonably priced so that it may be used by many worlds of people.  
● Temperature Control Speed - Comparable products have very slow response times, this product 
must have a response time of about 20 minutes. 
● Compressive Loading - The frame of the product must be able to support at least 400 pounds so 
that it doesn’t collapse or break while under a load. 
● Variable Temperature Range - A temperature range of -10ºF to 130ºF is desired to provide cooling 
as well as heating. 
 
To determine what components of the design were the most important a QFD was created. The QFD 
specifies who the customers of this product are, the customer’s requirements, engineering specifications, 
also shown in Table 2, and the specific targets to measure whether the design meets the engineering 
specifications. The full QFD matrix can be seen in Appendix A. In the QFD, current products on the market 
were compared to the engineering specifications to see how they compared to the design goals of this 
project. All the current products met, at best, half of the specifications. This shows there is a substantial 
portion of the market with needs that are unmet, where the design discussed here could flourish. 
 
During this project, there were a multitude of factors that were considered. An important attribute of the 
project was how much heat transfer will occur between the inside of the refrigerator and the surroundings. 
This was be based on the properties of the insulation as well as the sealing of the refrigerator. The 
refrigerator needs to be affordable and have a green design, which controlled what packaging and 
insulation was used. Research into aerogel, silicone, rice hulls, and hemp was conducted to experimentally 
determine their thermal conductivity when at the design temperatures for the refrigerator. The insulation 
selected for this application was aerogel as it has the lowest thermal conductivity. For the heat transfer at 
the Peltier itself a water-cooled radiator has been selected after conducting tests using the standard heat 
sink and fan and finding it to be an insufficient mode of heat dissipation for this application.  
 
Due to the high performance, multiple layered semiconductor Peltier devices selected the power supply is 
a crucial design consideration. The system has been designed for use with a 120V standard wall outlet to 
ensure the Peltiers and fans receive enough power and can cool the chamber in 60 minutes, one of the 
main design goals of this project—giving it a large advantage over competitor’s products. 
  
4.0 CONCEPT DESIGN DEVELOPMENT 
 
To determine the optimal design for this project, many designs were considered. The considered designs 
are discussed in the following sections.  
 
4.1 DESIGN VARIABLES 
 
To select the best overall design for the refrigerator each component needed to be analyzed to determine 
the best option for each. These main components are: insulation type, Peltier type and arrangement, wall 
material and design, size, and lid sealing.  
 
The Peltiers are made up of an arrangement of semiconductors. Each Peltier is rated for a different 
maximum current; however, it is not the most important factor in determining the amount of heat it can 
displace. The size becomes increasingly important as the Peltiers are stacked. Stacking arrangements 
include multiple Peltiers in series or Peltiers in a pyramid shape. Stacking is a more complicated 
 phenomenon than the simple single Peltier system. As research has shown, temperature difference is not 
a simple linear model when it comes to the arrangement of Peltiers. This design variable was iterated 
during testing to determine the most appropriate style and model. According to research and data received 
from the Physics department, stacking Peltiers in series produced the largest temperature difference. After 
testing the Peltier configurations, it was determined that the stacked Peltiers were not performing as well 
as recorded in previous studies. The solution to this was to purchase a multi-stage Peltier model from 
tetech. This provides the same effect as a Peltier stack but with better heat transfer between the stages, 
which was likely what was causing the tested configuration to perform so inefficiently.  
 
This relates to another important aspect of the heat transfer design--the size and design of the heat sinks. 
In the results that were taken from the Peltiers the ambient inside air of the refrigerator has a vastly different 
time constant than the cold side of the Peltier and optimizing the design of the refrigerator includes 
minimizing this difference. Types and sizes of heat sinks in conjunction with fans were tested and it was 
determined that a CPU cooler would provide the largest heat transfer rate from the hot side of the Peltier. 
 
The wall material is another one of the decisions that was mostly based on accessibility to composite 
structures themselves. The idea for plastic injection molding like other refrigerators however good, is a 
more industrial style of design solution. Access to new research out of the composites lab at Cal Poly 
allows for more flexibility of structural design. Although plastic injection molding is typically used, it 
doesn’t mean that it is the best option for this application. For this refrigerator design, only one will be 
made, and there needs to be a good amount of space in the walls for whichever insulation is chosen. 
Because most refrigerators use an air gap or some foam, the proper way to make space and to also have 
strength is to corrugate the composite material. Several common shapes can be seen in Figure 3.16. There 
are many different shapes in which material can be corrugated. To determine the best corrugation style, 
one of the papers coming from research done in the composites lab on Cal Poly’s campus by Riley Hilliker, 
Jalen Mano, Isaac Blundell and Eltahry Elghandour was used [10]. 
 
 
Figure 4.1.     Original axis and sections used in analysis by section 
 
Although the square shape was considered due to the ease of insulation installment, ultimately the 
trapezoidal shape was chosen for ease of manufacturing. The main difference between the shapes is their 
structural performance, with the trapezoidal shape being able to withstand a larger load. Both maximum 
loads of are well above the design criteria however, so it was not a factor for selection.  
 
Size was selected based on a variety of factors, most notably the portability factor. To accomplish a key 
aspect of the problem statement, portability and adaptability, a smaller area will be easier to cool with less 
power and be lighter when moving it in and out of a car and or space. Size decisions were also made 
qualitatively based on the research from the existing products and customer feedback on those products. 
The size is additionally constrained by the size of the back seat in a car and where the fan outlet and inlets 
were going to be placed. All these factors were considered together, even though there is no one solution 
as to how it should be solved, the size was chosen to be 8 square feet. 
 
 A lid design solution that has been seen in a lot of current product is a bezel that comes down from the lid 
into the space, with a seal along the top. A similar design has been used here. The refrigerator will also be 
structurally sound to withstand someone sitting on it or using it as a stool. 
 
4.2 DECISION MATRIX 
 
Using the main ideas from the Pugh matrices, seen in Appendix B, decision matrices were developed to 
compare these ideas. Table 4.1 is a list of the different combinations of the top decisions for each element, 
to create 10 ideas for an overall model. 
 
Table 4.1.    Possible design ideas for the Peltier refrigerator. 
Combinations 
Peltier 
Placement 
Control Location Lid Insulation Structural 
1 Lid LCD on side Hinged Aerogel 
Rounded inside 
corners 
2 Ends LCD on lid Off Rice hulls Sharp corners 
3 One side LCD on side Hinged Fiberglass Soft corners 
4 Ends LCD on side Hinged Aerogel Sharp corners 
5 One side LCD on side Off Aerogel 
Rounded inside 
corners 
6 Ends LCD on side Slide Fiberglass Sharp corners 
7 Lid LCD on side Off Aerogel Sharp corners 
8 Ends LCD on lid Hinged Fiberglass Soft corners 
9 Ends LCD on side Off Rice hulls Soft corners 
10 One side LCD on lid Slide Rice hulls 
Rounded inside 
corners 
 
Table 4.2 shows the combinations from Table 3 compared to the engineering specifications from the house 
of quality, as seen in Appendix A. Using weighted analysis for each specification combinations 4 and 7 
were determined to be the best. To create a more unique product, combination 4 was selected. 
 
 
 
 Table 4.2.    Decision matrix comparing the combinations formed in Table 3. 
Decision Matrix Analysis 
Engineering 
Specs: 
Capable of 
Freezing 
Maintain Temp 
Unplugged 
Compressive 
Loading  
Weight Size Cost  Totals 
Weights:  5 1 3 4 3 1 
1 5 5 5 5 4 1 78 
2 3 3 5 4 5 5 69 
3 4 4 5 3 4 3 66 
4 5 5 5 5 5 1 81 
5 5 5 5 5 4 1 78 
6 4 4 5 3 5 3 69 
7 5 5 5 5 5 1 81 
8 4 4 5 3 4 3 66 
9 3 3 5 4 4 5 66 
10 3 3 5 4 4 5 66 
 
4.3 THEORETICAL ANALYSIS 
 
Engineering analysis techniques have been utilized to predict the behavior of the different components of 
the product. Analysis such as Finite Element Analysis was used to support the design of the structural 
aspects of this project and determine likely areas of failure. The theoretical thermal analysis for the Peltiers 
was determined by plots of heat transfer, input current, and coefficient of performance versus temperature 
difference on tetech’s website. Further heat transfer analysis was conducted for other areas of the 
refrigerator design. 
 
 
 
 4.3.1 CORRUGATE 
 
A finite element analysis was done to determine the locations of the stress concentrations on the corrugated 
panels. As seen in Figure 4.2, there will be a stress concentration where the moment is the largest at the 
edge of a cut corrugated panel. This will not be an issue as there will be an angle that connects the cut 
sides to each other to form a right angle of the box itself. However, for clarity sake, the FEA does point 
out where the concentrations will be, and nothing to point out on the distributed lid and or bottom of the 
box itself. 
 
Figure 4.2.     FEA distributed load along the top of a corrugated panel. 
 
Figure 4.3.     Square cutout representing the access for the Peltier stack to protrude and the heat to be 
extracted through. 
  
Figure 4.3 shows the FEA of the wall of the box as seen from a top down compressive load as predicted 
for use. From the figure you can see that at the edges of the square cutout will have a stress concentration, 
 however from testing, the walls were overbuilt to easily account for these loads. Testing was also done on 
corrugated samples to prove the strength of two-layer fiberglass corrugated structures. 
 
 
4.3.2 PELTIER HEAT TRANSFER  
 
In order to determine the performance of the refrigerator with the Peltiers ordered a MATLAB script was 
written to produce a plot of the total heat transfer out of the refrigerator, shown in Figure 4.3. 
 
Figure 4.3. Plot of the heat transfer out of the refrigerator versus temperature. 
 
The operating range of this refrigerator is 0 to 20˚C, so Figure 4.3 provides a prediction of the net heat 
transfer out of the refrigerator accounting for the heat leakage into the refrigerator and the heat transfer 
out of refrigerator by the Peltiers. This plot shows what is anticipated, the heat transfer rate will be much 
larger when the difference in temperature between the chamber and ambient is closer together. It also 
shows that with the current design, the refrigerator will be unable to reach the 10˚F goal, as the Peltiers 
and heat leakage will reach an equilibrium.  
 
4.3.3 INSULATION 
 
Most coolers and refrigerators use polystyrene or polyurethane to insulate them. There are many other 
materials that have not been investigated for use in this type of application. A basic heat transfer analysis 
using the thermal resistance approach through one wall for temperatures ranging from -10F to 77F, 
standard ambient, produced a comparison of the top choices for insulation. The new types of insulation 
analyzed were: silica aerogel, fiberglass batting, cellulose, and rice hulls. These results were plotted against 
the results of polyurethane and polystyrene which serve as a basis for comparison to current production 
refrigerators. The results of this analysis can be seen in Figure 4.4 and the hand calculations can be found 
 in Appendix C. The size of the refrigerator has a linear relationship with how much heat is transferred, and 
therefore the refrigerator should be kept to the minimum size possible for the engineering specifications.  
 
Figure 4.4.    Heat transfer modeled through one wall of the refrigerator versus inside temperature of the 
refrigerator. Thermal conductivities determined through research papers. [6] [11] [12] [13] 
[14] 
 
5.0 FINAL DESIGN 
 
The analysis and testing that was run to determine the optimal design for the refrigerator will be discussed 
below.  
 
5.1 DESCRIPTION AND LAYOUT 
 
The concept CAD model of the design that was chosen, created in SolidWorks, is displayed below in 
Figure 5.1. All key components of the design are shown qualitatively in the model, with descriptions 
below. The model shown below demonstrates the integration of all the elements and their respective 
locations. A complete drawing package can be found in Appendix D.  
 
Figure 5.1.     Concept CAD Model displaying all key components to be implemented. Isometric view 
(left) and top section view (right).  
 1. The square-shaped fiberglass corrugation pattern initially chosen to be used in this design. The air 
pockets were filled with Aerogel material to provide insulation, while the fiberglass corrugation 
provides support. 
2. Peltier stack, heatsink, and fan combination. Two Peltier stacks were used to accomplish the 
desired heat transfer rate, as predicted by experimental data. CPU fans and heat sinks were selected 
to properly circulate the air to provide adequate heat transfer. 
3. User interface including a keypad and an LCD screen displaying the desired temperatures and the 
actual temperatures of each chamber. This was not built into this design but is kept to show how 
the controls could be integrated in a future build. 
4. Module containing the necessary electronics as well as a MicroPython board regulating the 
controls and current flow to each device. 
5. Removable insulated partition separating the two chambers allowing for two different 
temperatures. 
 
Figure 5.2.     Isometric view of refrigerator showing wall dimensions. 
 
5.2 CORRUGATION DESIGN 
 
The choice of using corrugation was made for both strength and insulating properties. If you separate two 
planes by a web you get a small I-beam. As known from statics and strength of materials classes, separating 
the plates more will lead to more strength. Also known from heat transfer courses that air is a great 
insulator, known also from common refrigerators in practice. If a layer of air is trapped, i.e. (jackets, 
refrigerators, refrigerators, building walls, etc.) then the insulating properties go up as per section 4.3.3 of 
this report.  
 
Initially a square design had been chosen, which would have been simpler to add insulation to, however 
in practice the manufacturing was a lot harder to do. The square design has almost vertical walls that when 
curing composites can be a hassle to have complete contact with the form, the mold can be seen in Figure 
5.3. Because the corrugation will be much stronger than the intended design specs, a trapezoidal shape 
was selected. Using a trapezoid yields the same air space, just a little more complicated to put the insulation 
into. The Aerogel that was chosen is semi fibrous but will still be very sufficient to fulfill the insulating 
needs and goals. 
 
  
Figure 5.3.     Square corrugated structure manufacturing test, concept proven impractical. 
 
As you can see in the photo above, the structure is very close to exactly square and forming the fiberglass 
to sit exactly in the mold is very difficult in practice, so this shape was not used. A trapezoidal shape was 
used as shown in Figure 5.4. 
  
 
Figure 5.4.     Trapezoidal shape being prepared with carbon fiber 
 
As shown in Figure 5.4, the trapezoidal shape fits in the mold and releases much easier because of the 
relief angles. Thus, the trapezoid shape was chosen for this design. A cross section with dimensions of the 
shape can be seen in Figure 5.5. 
 
 
  
Figure 5.5.     Trapezoidal dimensions in inches for corrugated structure. 
 
As Figure 5.5 shows, the corrugated structures are built with three separate pieces then epoxied together 
to make a corrugated panel. With the corrugation being cured independently, the relief angle you can see 
is much greater with the trapezoidal shape than the square shape, this creates better manufacturability. 
 
 
5.3 PELTIER DESIGN  
 
The ordered Peltiers were multi-stage models from tetech. A multi-stage module is one in which there are 
multiple layers of semiconductors within one Peltier. This provides the same benefits for heat transfer as 
the stacked Peltier configurations researched in this paper without the limitations of heat transfer between 
the two modules. The particular model ordered, TE-2-(127-127)-1.15, has two stages of semi-conductors 
of different thicknesses. Figure 5.6 shows a schematic of the module, where it can be seen the thicker of 
the two stages is on the cold side.  
 
Figure 5.6. Tetech model TE-2-(127-127)-1.15 schematic. [15] 
 
The refrigerator runs two of these Peltier devices in order to achieve desired temperatures within the 
refrigerator. Upon analyzing provided thermal plots for the Peltier device, 4.5A was selected as the 
operating current. As can be seen in Figure 5.7, 4.5A is the current required at 12V for the smallest 
temperature differences, and it drops down to 4A for subsequently larger differences. As the temperature 
inside the chamber becomes lower the amperage will be reduced to reflect the optimum current for that 
temperature difference. However, it is likely that the input will always be 4.5A because the maximum 
temperature difference we expect for the refrigerator is about 60˚F, or 15˚C.  
 
  
Figure 5.7. Provided input current versus temperature difference for tetech Peltier model TE-2-(127-127)-
1.15. [15] 
 
Similarly, the heat removed can be estimated by Figure 5.8. For 12V and 15˚C the anticipated heat 
removed is 24W.  
 
Figure 5.8. Provided heat transfer data versus temperature difference for tetech Peltier model TE-2-(127-
127)-1.15. [15] 
 
In order to maximize the heat dissipated from the hot side, which ensures maximum performance of the 
Peltier, model H60 CPU cooler was purchased from Corsair. The interface to the Peltier is a copper plate 
with pre-applied thermal paste for the best conductivity to the CPU cooler. The heat is then transferred to 
coolant which runs through piping from the backside of the Peltier interface through a radiator equipped 
with a fan which cools the coolant before it returns to the Peltier interface. As previous research showed, 
water-cooled forced convection was the most efficient method of heat extraction for the Peltiers. 
 Additionally, it utilizes a similar system to that used in a full-size Refrigerator, with the added fan to 
increase convection levels. Figure 5.9 shows the front and back views of the CPU cooler. 
 
 
Figure 5.9 Front and back images of the Corsair series H60 CPU cooler. [16] 
 
The radiator/fan component of the refrigerator was fixed perpendicular to the walls of the refrigerator to 
supply the cooling air supply. This configuration allows for the best air movement through the system. 
 
5.4 INSULATION DESIGN 
 
Aerogel was selected as the insulation for the refrigerator as it outperformed other tested and researched 
materials, with a thermal conductivity of 0.0305 W/mK n the temperature range 0˚C to 30˚C, which is the 
designed temperature difference across the walls of the refrigerator. The aerogel was cut and installed in 
the space left in the wall by the corrugate, Figure 5.10 shows the aerogel installed in the wall.  
 
 
Figure 5.10. Top view of two glued walls, with aerogel installed. 
 
5.5 CONTROL DESIGN 
 
To design a robust controller, a simulation was run to determine the response of the system using time 
constants and system gains determined from experimental data. These values are displayed in Table 5.1.  
 
Table 5.1.   Tabulated system time constants and gains from experimental data.  
System Time Constant (min) System Gain (-) 
Peltier Element Temperature 6.1667 9.5667 
Inner Chamber Temperature 13.417 0.5234 
 The system was modeled as two first order systems, in which the Peltier element system served as the 
input to the inner chamber model. Process noise and measurement noise was included in the simulation as 
a random Gaussian distribution that made the inner chamber temperature vary by ±1°F. A simple PID 
controller was used as the initial control law, with an electrical current being the actuated signal sent to 
the Peltier element model. The system model included a saturation block that limited the actuated current 
to 6A. The results of this simulation can be seen in Figures 5.11 and 5.12. In this simulation, the ambient 
temperature was 90°F and the desired inner chamber temperature was 22°F. 
 
 
Figure 5.11.    System response with original system gains.  
 
 
Figure 5.12.    Unregulated and regulated actuator signal with original system gains. 
 
The results of the simulation indicated that the time constants of the system were adequate, but the current 
system gains only allowed the inner chamber to reach a temperature 30°F below the ambient temperature. 
In addition, the actuator signal immediately saturates and diverges. This result indicates that the gains of 
the physical system currently do not meet the design requirements. Table 5.2 shows the new system 
 parameters that will achieve the design requirements. These new parameters will be used in the simulation 
to properly design the control law. 
 
Table 5.2.     New system time constants and gains used to design the controller.  
System Time Constant (min) System Gain (-) 
Peltier Element Temperature 6.1667 18.0 
Inner Chamber Temperature 13.417 0.75 
 
Multiple control schemes and filters were considered to control the system and to filter the feedback signal, 
which will be discussed below.  
 
5.5.1 CONTROLLER DESIGN 
 
The two controller designs considered will be discussed below. These will include a simple PID controller 
and a PID controller with an Anti-Windup scheme. The results of the simulations indicate that the optimal 
controller design for this system is a PID controller with an Anti-Windup scheme.  
 
5.5.1.1 PID CONTROLLER 
 
Figure 5.13 shows the block diagram of a simple PID controller that was tested in the simulation. The error 
signal was fed through the proportional, integral, and derivative branches shown in the block diagram, and 
fed through a saturation block before being sent through the system model.  
 
Figure 5.13.      Block diagram of simple PID controller with a saturation block.  
 
The results of the simulation with this controller can be seen in Figures 5.14 and 5.15.  Again, the ambient 
temperature for this simulation was 90°F and the desired chamber temperature was 22°F.  
 
  
Figure 5.14.     System response with a simple PID controller. 
 
 
Figure 5.15.      Unregulated and regulated actuator signal with a simple PID controller. 
 
Due to the very slow response of the system, the actuator signal saturates immediately. This causes the 
error to accumulate because of the integral branch of the PID controller. Because an excessive amount of 
error accumulates, it takes a long time for the controller to realize that the desired temperature has been 
reached. This causes the temperature to overshoot the desired value and then reaches the desired value 
after the error de-accumulates. The overshoot is undesirable; thus, a more advanced controller is required 
to dissuade the system from saturating for extended periods of time.  
 
5.5.1.2 ANTI-WINDUP SCHEME 
 
Figure 5.16 shows a block diagram of a PID controller with the addition of an Anti-Windup scheme. In 
addition to the three branches of the PID controller, another feedback loop in incorporated. The difference 
between the saturated and unsaturated signals is taken and subtracted from the integral branch of the PID 
controller. This minimizes the error accumulation during the times the actuated signal is saturated. 
  
Figure 5.16.      Block diagram of a PID controller with an Anti-Windup scheme.  
 
The simulation was run with the same ambient and desired temperature settings as the previous, with the 
Anti-Windup scheme discussed above. Figures 5.17 and 5.18 show the improved response of the system 
due to the Anti-Windup scheme. 
 
Figure 5.17.     System response with a PID controller with an Anti-Windup scheme. 
 
 
Figure 5.18.     Unregulated and regulated actuator signal with a simple PID controller. 
 The results clearly indicate that the error buildup is quickly corrected by the Anti-Windup scheme. The 
inner chamber temperature no longer overshoots and reaches steady state at the desired value of 22°F. 
Based on the response of the simulated system, this controller design was deemed proficient and will be 
incorporated in the final design.  
 
In this simulation, it was found that the addition of derivative control did not improve the response of the 
system. Because the system saturates immediately, any added effort to the actuator signal during the 
transient response due to derivative control has no effect on the results. Thus, proportional control, integral 
control, and the Anti-Windup scheme were the only necessary components to incorporate in this design.  
 
5.5.2 FILTER DESIGN 
 
The three filter designs that were considered will be discussed below. These include a digital filter, and 
two different iterations of a Kalman Filter. Due to the noisy nature of thermocouples that will be used in 
the actual system to measure data, it was deemed necessary to use a Kalman Filter for this design. 
 
5.5.2.1 DIGITAL FILTER DESIGN 
 
The first filter that was considered for this system was a low-pass digital filter that served to filter the high-
frequency noise that was assumed to be present in the system. This is incorporated by taking the noisy 
signal as the input to the differential equation displayed in Equation 5.1,  
 
 𝑥𝑘 =  
𝜏𝑓
𝜏𝑓 +  𝛥𝑡
𝑥𝑘−1 +  
𝛥𝑡
𝜏𝑓 +  𝛥𝑡
𝑢𝑘  (5.1) 
 
where 𝜏𝑓 is the time constant of the filter, 𝛥𝑡 is the discrete time step of the simulation, and 𝑢𝑘 is the noisy 
signal. The response of the system is shown below in Figures 5.19 and 5.20, with a filter time constant of 
5 seconds and a timestep of 0.5 seconds.  
 
 
Figure 5.19.      System response with the addition of a digital filter. 
 
  
Figure 5.20.      Unregulated and regulated actuator signal with the addition of a digital filter.  
 
The addition of the digital filter does not have any significant effect on the system response. However, the 
actuated signal as well as the feedback signal sent to the controller is much less noisy. While these results 
are adequate, different filter designs were also considered. 
 
5.5.2.2 KALMAN FILTER DESIGN 
 
The Kalman Filter is a robust form of a discrete state estimator that optimizes its own parameters while 
filtering a noisy signal. The filter works by running a discrete dynamic simulation of the system based on 
the input to the system and the measured state of the system. A block diagram of the Kalman Filter is 
displayed in Figure 5.21.  
 
Figure 5.21.      Block diagram of a discrete Kalman Filter.  
 
The filter takes the difference between the measured state and predicted state, multiplies that difference 
by the Kalman gain 𝐾𝑘, and then adds the result into the state estimator seen in Figure 5.27. The Kalman 
gain is calculated at each time step by the algorithm shown by Equations 5.2 - 5.6. 
 
 
𝑥𝑘
− =  𝐴?̂?𝑘−1 + 𝐵𝑢𝑘 
𝑃𝑘
− = 𝐴𝑃𝑘−1𝐴
𝑇 + 𝑄 
(5.2) 
(5.3) 
 
  
𝐾𝑘 =  𝑃𝑘
−𝐻𝑇(𝐻𝑃𝑘
−𝐻𝑇 + 𝑅)−1 
?̂?𝑘 =  ?̂?𝑘
− +  𝐾𝑘(𝑧𝑘 − 𝐻?̂?𝑘
−) 
𝑃𝑘 =  (𝐼 −  𝐾𝑘𝐻)𝑃𝑘
−
 
(5.4) 
(5.5) 
(5.6) 
 
In Equations 5.2 - 5.6, the values A, B, and H are the discrete state-space matrices, Q and R are the assumed 
process and measurement noise variances, 𝑢𝑘 is the input to the dynamic simulation, 𝑃𝑘 is the Predictor 
gain of the Kalman Filter, and 𝐾𝑘 is the Kalman gain that is optimized by the algorithm.  
 
The first iteration of the Kalman Filter design took the actuator signal as the input to the dynamic 
simulation. While this resulted in a less noisy filtered signal, the simulation results were still not 
satisfactory. Thus, a second iteration of the Kalman Filter was created with the output of the Peltier element 
model taken as the input to the dynamic simulation. This resulted in a signal with very little noise, orders 
of magnitude less than the previous two filter designs discussed. The results of the simulation with the 
second iteration of the Kalman Filter is shown in Figures 5.22 and 5.23. 
 
Figure 5.22.      System response with the addition of a Kalman Filter 
 
 
Figure 5.23.      Unregulated and regulated actuator signal with the addition of a Kalman Filter. 
  
There are no noticeable differences between the results of this simulation and the previous but comparing 
the results of the signals being fed back into the controller show significant improvements. The MATLAB 
code used to run the simulation can be found in Appendix E. Each simulation will be discussed and 
compared below.  
 
5.5.3 COMPARISON OF RESULTS 
 
Figure 5.24 shows a comparison between the feedback signals for each controller and filter design that 
was considered. The difference between the original feedback signal and the signal with the Anti-Windup 
scheme incorporated is evident, while the signals with the different filter designs are less noticeable. 
However, Figure 5.25 shows the feedback signals and the relative magnitudes of the noise present in each 
signal. 
 
 
Figure 5.24.      Comparison between feedback signals for all designs considered. 
 
 
Figure 5.25.     Comparison between the noise of each feedback signal. 
  
The feedback signal using the digital filter, while less noisy than the original feedback signal, still has a 
significant variance. The noise variance is reduced using the first iteration of the Kalman Filter, where the 
input to the dynamic simulation is the actuator signal. However, the noise variance is reduced even further 
with the second iteration of the Kalman Filter, where the input to the dynamic simulation is the output of 
the Peltier element model. Based on these results, the second iteration of the Kalman Filter is the optimal 
filter choice for this design. In addition to providing a very clean feedback signal, this filtered signal could 
also be displayed on the LCD screen to provide the user with a very accurate measure of the temperature 
of the inner chamber.  
 
5.5.4 FINAL DESIGN 
 
The block diagram of the simulation that was used to analyze and design the control and filter schemes 
can be seen in Figure 5.26. This model takes the difference between the ambient temperature and desired 
temperature as the input to the system. 
 
 
Figure 5.26.      Block diagram of system model used for simulation.  
 
The final design incorporates the Anti-Windup scheme discussed above to dissuade the controller from 
accumulating an excessive amount of error so that the chamber temperature does not overshoot. It also 
incorporates the second iteration of the Kalman Filter that results in a clean feedback signal to the 
controller as well as an accurate value of temperature for the inner chamber.  
 
 
5.6 COST ANALYSIS 
 
To manufacture the refrigerator each assembly that’s been designed will be manufactured and assembled. 
All the components in the prototype along with their materials and cost can be seen in Figure 5.27.  It can 
also be found in Appendix F. 
 
 
  
Figure 5.27.     All assemblies, parts, and their cost break-down used in the build. 
 
5.7 MATERIAL AND SIZE DECISIONS 
 
The material was chosen to be fiberglass pre-impregnated with epoxy, as fiberglass is a more inexpensive 
option when it comes to composites. Most refrigerators are made from plastic, which needs a custom mold 
to be made which is not feasible for this one-off application. Using a simple weave of fiberglass over under 
1x1 pre-preg, then layering in two sheet thick layers. Fiberglass has better insulating properties than carbon 
fiber and is more cost effective.  
 
Sizing the box was a combination of the available corrugated plate templates, as well as the average size 
of competing refrigerators. The team decided to make a refrigerator with very similar dimensions to ones 
that are pre-existing as they size was not flagged as a consumer complaint.  
 
The wall dimensions are 42 X 32 (cm) and 29 X 30 (cm), with a base of 42 X 29 (cm). The 90˚ angle 
attachment pieces will be 1 X 1 X 30. This yields a refrigerator at 30 quarts and close to the dimensions 
of known car refrigerators, easily mobile.  
 
5.8 SAFETY, REPAIRS, AND MAINTENANCE 
 
As this product has no moving parts, it is not expected that maintenance will be required over the lifetime 
of the refrigerator. No data or analysis has been collected on the potential lifetime of the refrigerator, but 
with proper use it should last as long as most refrigerators do. The prototype was built fully sealed to avoid 
buildup of moisture in the insulating panels, and to reduce heat transfer to the surroundings. The 
refrigerator can withstand compressive loading up to 5000 lbs., therefore using it as a bench or shelf should 
do no harm to it.  
 
6.0 MANUFACTURING PLAN 
 
 The final design was developed through careful consideration of manufacturability and functionality. The 
use of exotic materials as compared to other refrigerators was a selection based on integrity and function. 
Much of the build process of this project has been centered around the composite corrugation and 
insulation. One team member, Josh, works in the composites lab and has access to the tools needed to 
fabricate the corrugated fiberglass composite walls. Fiberglass pre-impregnated sheets were used to create 
the corrugated shape and the plates on either side of the corrugation. Figure 6.1 shows the fiberglass sheets 
in vacuum sealed bags curing in the autoclave. In addition to manufacturing the corrugated walls, top, 
bottom, and corners were made to bond the pieces to one another. 
 
 
Figure 6.1.    Vacuum curing of the corrugation (left) and vacuum curing of the plates (right). 
 
Originally, the plan was to use square cross sectional corrugate, but after learning easier ways to 
manufacture the corrugated composite sheets, the team decided to use a trapezoidal cross section. The 
design of the structure can be seen in CAD model drawings in Appendix D. 
 
The structural support and insulation were the main part of fabrication. Most of the other components were 
purchased. Peltiers, LCD display, microcontroller, heatsinks, and electrical hardware. 
 
6.1 CORRUGATED WALLS 
 
The walls of the refrigerator were constructed from corrugated fiberglass. The molds used in the 
manufacturing process have already been made and are available for use through the Mechanical 
Engineering Department. The corrugation shape is trapezoidal. Each sheet constructed was  made with 
two layers of pre-impregnated fiberglass. All four walls and the base were be constructed in the same 
fashion. To make a sheet of corrugated material also called a sandwich panel two side panels and the 
corrugated structure laid into the mold need to be epoxied together.  
 
6.1.1 STEP BY STEP MANUFACTURING 
 
F1: Step 1 
Cut pre-impregnated fiberglass roll into sheets sized to the specifications. Using a simple utility knife and 
a straight edge with a marked line. 
 
F1: Step 2 
 Remove one side of film on each fiberglass sheet and place sheet on top of each other in an organized and 
exact fashion. If removing the blue be very careful as the sheet will try and lift. Make sure to iron out any 
wrinkles incurred at this stage of the construction as they will continue to be a thorn in the side of the 
construction if it gets passed the curing stage. 
 
 
F1: Step 3 
If making flat plates set them on a flat plate carefully not bending or any wrinkles in the base layer or the 
sheets. 
 
C1: Step 4 
For the corrugated cores, the molds are pre-made at the dimensions labeled in CDR report. The molds are 
made from machined aluminum. To prepare the molds for a cure, the previous epoxy or resin must be 
removed. Using scotch brite and some elbow grease, remove the imperfections exposing just the bare 
aluminum.  
 
C1: Step 5 
Clean the molds off with water and let dry completely. Using mold release film, spray liberally and let dry 
per the mold release film instructions. Once the plates have plenty of mold release film set them aside to 
be prepared. 
 
C1: Step 6 
Prepare a two layered sheet of fiberglass and make it the width of the roll of fiberglass itself. Because the 
corrugated structure is a longer by surface area than the flat plates, more is better than less.  
 
C1: Step 7 
With the help of a partner, place the fiberglass sheet on top of the mold longways symmetrically. With one 
side lifted with a partner, slowly insert the glass into the shape of the mold, using tools to place in the 
mold, and the partner keeping tension as well as helping to stay in the shape. Press firmly working from 
the middle to one outer edge. Continue this conforming to all the shapes and angles making sure to not 
wrinkle the fiberglass and have it symmetric in the mold.  
 
C1: Step 8 
Make sure the excess fiberglass is carefully cut from the mold and then place on to a prepared plate. 
 
P1: Step 9 
Collect a plate at the appropriate size for all pieces to be cured. A metal base is the best, but anything that 
can have gum tape adhere to it and a vacuum pulled to not buckle.  
 
P2: Step 10 
Set up gum tape along the outermost edge of the plate.  
 
P3: Step 11 
Cut out a drip layer that extends 2 inches passed the edges of the samples to be cured, place this on the 
bottom most layer of the plate to be cured. 
 
P4: Step 12 
If making flat plates make sure to put a brown breather layer underneath the samples to be cured or they 
will stick to the blue base layer. If they stick you will have to peel the layer off by hand as it is cured to 
the fiberglass itself. 
 
 P5: Step 13 
Place all pieces to be cured on the plate, making sure to leave a 6-inch square area open for a vacuum 
valve to be place in the future. When placing the pieces, all flats make sure that there are no wrinkles or 
exposed edges when it comes to the fiberglass. All contact will adhere to the part of the exposed areas. 
 
 
P6: Step 14 
Once all pieces are arranged, make a brown Teflon coated breather layer over every surface area that is 
fiberglass. If this step is not done a bad surface area will be there and you will have to peel up all the 
vacuum bag layer from the cure.  
 
P7: Step 15 
Place the back half of a vacuum valve on the open area, put a layer of thick breather material to make a 
way for air to escape with the vacuum that will be pulled. The purpose of the back to the valve is to 
properly attach to the bag you are going to make. 
 
P8: Step 16 
Prepare a layer of vacuum material that is bigger than the plate and the samples. 
 
P9: Step 17 
Attach the vacuum bag in the corners working your way slowly to create a tight seal when the vacuum is 
pulled. Using gum tape, be wary of corners or features and make an ear (extended piece above the samples 
at corners to get rid of stress concentrations in the vacuum bag. The ears are best built by a 4-inch loop or 
so then place in such a way to not have a leak. 
 
P10: Step 18 
Set the plate inside the oven and attach the vacuum valve to the plate. With the vacuum attached check for 
leaks. You want the vacuum to be very strong as to push into all the different shapes of your plates or 
corrugated. If there are leaks, press on the gum tape to find the leaks and eliminate them. The vacuum line 
should be very difficult to move. 
 
P11: Step 19 
Set up the oven to cure the composites. At 5°F per minute rise, and a 250-degree dwell for 2 hours. Using 
the computer, load a program to engage vacuum and the proper timing for the cure per the manufacturer. 
 
P12: Step 20 
Once the cure is done, remove from the oven. Discarding all the vacuum bag material, keeping the 
breathers that are still in good condition.  
 
P13: Step 21 
Carefully remove all pieces from the form. With a strong constant force, the corrugated material should 
lift from the mold. 
 
E1: Step 22 
Once you have the two separate pieces for the sandwich, get construction adhesive epoxy two-part mixture. 
As per the instructions measure out the appropriate amount for each. 
 
E1: Step 23 
Spread the epoxy on the corrugated shapes, just the contact points in a thin uniform layer. 
 
E1: Step 24 
 Put a layer of vacuum bag on the aluminum mold, place the corrugate in the mold with the epoxy on top, 
get a sheet of fiberglass and massage it onto the corrugated shape. Once it is massaged in, place a heavy 
distributed weight on top and let dry for time indicated on the epoxy. 
 
E1: Step 25 
Once the corrugated shape is dry, attach the other flat piece with construction adhesive in the same way. 
E1: Step 26 
Using a wet saw, or a water jet, cut the corrugated panels to the exact shape desired. Remember to add any 
holes or features in this step. 
 
B1: Step 27 
Make right angle corners of dimension desired. Following the previous curing cycle and style, make a 
form to keep a right angle of the desired shape. 
 
B1: Step 28 
Attach the right angles with epoxy to the corrugated shapes making the box shape at the desired dimension. 
 
6.1.2 AEROGEL CORRUGATE WALL 
 
After the corrugate structure was built using the glued corrugate panels and corners, the insulation needed 
to be installed. The aerogel-fiberglass composite came in a fabric-like sheet, making it easy to cut and 
install in the open spaces of the corrugate. The way the composite was manufactured was by placing 
powdered aerogel into woven fiberglass. During the installation process, however, visible particulates 
were coming loose from the fabric—meaning the composite was becoming a larger percentage of 
fiberglass in its original form and therefore reducing its insulative properties. The installed aerogel-
fiberglass composite can be seen in Figure 6.2 
 
 
Figure 6.2. Corrugate wall installed with aerogel fiberglass composite. 
 
6.1.3 LID 
 
The lid was designed out of the same corrugate structure as the walls of the refrigerator and filled with 
aerogel. The bottom view of the lid can be seen in Figure 6.3. 
 
  
6.3. Bottom view of lid. 
 
In order to seal the lid, rubber weather stripping was placed between the lid and the walls, and weight was 
added to the top to ensure a tight seal. The rubber used can be seen in a close up in Figure 6.4. 
 
 
6.4. Rubber weather stripping used to seal the box. 
 
6.2 PELTIER/HEATSINK STACK 
 
Since the multi-stage Peltier module was purchased as well as the CPU cooler, all that was required was 
assembly. The cold side heat sink and fan were installed inside the refrigerator chamber, and the Peltier 
CPU assembly was mounted to the wall of the refrigerator, with the radiators perpendicular to the wall. A 
photo of the installed configuration is shown in Figure 6.5. 
 
 
 Figure 6.5. Top view of the Peltier module and heat transfer apparatuses. From left to right they are: 
CPU cooler (black), heat sink (silver), fan (black).  
 
7.0 DESIGN VERIFICATION PLAN 
 
To ensure the functionality of the final prototype each element was tested individually to determine its 
performance before the prototype was tested overall. 
 
The testing for the design was split based upon the individual components of the refrigerator as discussed 
above. These include the corrugate, Peltier devices, heat dissipation from the Peltier, insulation, and the 
control unit. Having data for each component of the product enabled specific comparison between products 
and configurations. The initial theoretical calculations were used to narrow down the number of items in 
each design decision to be tested and then the results were used to make the final decisions for the 
prototype. For example, before choosing the type of insulation to use in the final design, panels of varied 
materials were tested to see how well they thermally insulate. Similarly, Peltier configurations were tested 
and compared as well as methods for dissipating heat from the hot side of the Peltier. The prototype was 
then tested at the end to ensure that the integration of all the design decisions produced the desired results.  
 
7.1 STRENGTH TESTING 
 
Compression and 3-point bend tests were conducted on sample pieces of corrugate wall. These results 
were then used to estimate the load that the overall walls can take once constructed as a structure.  
 
A corrugated sample was made for a destructive test of size of 17.6 X 21.5 cm (2), and 33 X 5 cm (2). The 
smaller pieces were tested with a distributed load along the top as seen in Figure 7.1. Longer, narrower 
test sections were used for the three-point bend test. This test would mimic a person sitting on the lid of 
the refrigerator. The compressive test panel withstood 6000 lbs. of force, which is well above the threshold 
of 400 lbs. distributed and thus proving that the structure will be strong enough for the load of a human 
sitting on top of the refrigerator. 
 
 
Figure 7.1.     Corrugated panel under distributed vertical load, failure at 6000 lbs. 
 
As seen in Figure 7.2, the load vs crosshead position can be seen to take the force. 
 
  
Figure 7.2.     Corrugated Compression test. 
Figure 7.3 shows a slim piece of corrugate subjected to a 3-point bend test. Since the piece was very thin, 
buckling happened almost immediately. The sample eventually failed in delamination. Delamination is the 
most common way composites fail, when the plates separate from the core due to the shear on the adhesive. 
Even though the 3-point bend test took very little load compared to the distributed load, it is still strong 
enough to hold a 400-pound person of the area of the corrugated plate that was made. Figure 7.4 shows 
the load-displacement data for this bending load. 
 
 
Figure 7.3.     Three-point bend test on slim corrugated structure. 
 
  
Figure 7.4.     Three-point bend results. 
 
Through this destructive testing, it was determined that two-layer fiberglass with a corrugated core will 
withstand the structure’s maximum loading condition. 
 
7.2 PELTIER ARRANGEMENT TESTING 
 
After doing research into types of Peltier refrigerators that were on the market, several were ordered to 
baseline test. To understand the difference between the refrigerators tested, it is important to understand 
the Peltier types used in each test and how they differ. Peltiers are classified by a string of numbers and 
letters as seen in Figure 7.5. All Peltiers tested up to now have been standard “C” size with one stage and 
127 couples. Where they differ is in the current rating, the Bestek has a current rating of 5A, the Igloo 6A, 
and the Peltiers used in series 15A.  
 
  
Figure 7.5.    Nomenclature for Peltier designations. 
 
Peltiers are still extremely misunderstood, and even though the Peltiers have different current ratings it is 
unclear how this corresponds to temperature difference. In research conducted by students under Pete 
Schwartz in the Physics department it was shown that the TEC06 performed better at the same currents 
than the TEC15, as seen in Figure 7.6. Data taken in Figures 7.7 and 7.8 show that TEC05 performs better 
 at the same currents than the TEC06. There appears to be a trend that lower rated amperage Peltiers 
produce a larger temperature difference. Another thing to note from this research is that there is a certain 
cutoff current where decreasing the amperage even more results in worse effects than the previous 
amperage. In other words, there is a distinct operating current for the Peltiers that will produce the best 
results. 
 
  
Figure 7.6.    Temperature versus time curves for TEC06 and TEC15 Peltiers run at different currents. 
[5] 
 
Baseline testing was done for the Bestek refrigerator using its stock Peltier (TEC1-12705) to determine 
how the refrigerator performed at different amperes. Figure 7.7 is just the temperature difference across 
the Peltier in the Bestek. The highest amperage run, 4.5, produced the largest temperature difference across 
the Peltier and the largest difference between room ambient and refrigerator chamber ambient. Other data 
was collected from the Bestek, most notably the chamber ambient temperature, however just the Peltier 
data is shown to highlight the difference between the 5A rated and 6A rated Peltiers as shown in the Bestek 
and Igloo respectively. How the amperage rating affects the temperature difference achievable is still 
unknown, but for this data the 5A rated Peltier outperformed the 6A. The 6A Peltier difference can be seen 
in Figure 7.8.  
 
 
 Figure 7.7.    Plot of temperature difference across the Peltier in the Bestek (TEC1-12705) for varying 
currents versus time.  
 
Baseline testing was done for the Igloo refrigerator with the commercial Peltier (TEC1-12706) to 
determine what the best current for the refrigerator was. The relationship between current and temperature 
difference, which can be seen in Figure 7.8, is a positive correlation, although clearly not a linear one.  
 
 
Figure 7.8.    Plot of temperature difference across the Peltier in the Igloo (TEC1-12706) for varying 
currents versus time.  
 
The “best” current was defined as the current that produced the largest temperature difference across the 
Peltier, which correlated to the largest temperature difference between ambient room temperature and the 
temperature inside the chamber. The chamber ambient temperature, however, does not respond as quickly 
or as dramatically as the Peltiers. In fact, a major limitation of the refrigerator is that although the 
temperature difference across the Peltiers is clearly exponential, the ambient temperature inside the 
refrigerator frequently looks linear. The refrigerator ambient temperature is limited by how well the air is 
circulated, and this is a variable that was investigated in the new design of the refrigerator to try and 
optimize the heat transfer to the air and create a curve that is more proportional to that of the Peltier surface 
temperature. The unoptimized relationships can be seen in Figure 7.9.  
 
 Figure 7.9.    Temperatures measured during the Igloo test with a current of 5.5A. This current achieved 
the lowest ambient temperature inside the refrigerator during this test, 48 F. All the 
temperature readings for the varied currents showed these same trends. 
 
Based upon Josh’s summer research the design goal is to use Peltiers in series to achieve a larger 
temperature difference faster. The same Peltiers that were used in the design seen in Figure 2.4 were used. 
These Peltiers are different from those used in the Igloo, so the temperature differences cannot be directly 
compared. The data from the Peltiers in series, however, shows that it is beneficial to run different currents 
through each of the Peltiers. This data is shown in Figure 7.10. Although a direct comparison cannot be 
made between the datasets because multiple variables changed, it is interesting to note that the temperature 
difference between the cold side heat sink and the chamber ambient temperature was halved when there 
were two Peltiers run in series. This helps justify using Peltiers in series as minimizing this difference is a 
design goal.   
 
Figure 7.10.     Plot of temperature differences across two Peltiers in series (TEC1-12715) and one 
Peltier run at 5A and 3A 
Further experiments were conducted with three Peltiers in series. The team kept the cold side heat sink fan 
off and the hot side heat sink fan on. Since the only thermal resistance to the cold side heat sink is natural 
convection due to the fan being off, there is a much smaller load for the Peltier stack to work against. With 
only natural convection, the cold side heat sink can reach a much lower temperature. An experiment was 
conducted using the Igloo refrigerator with three 40x40mm Peltiers in series running at 2, 4, and 6 Amps. 
Figure 7.11 shows the data for this experiment. 
 
  
Figure 7.11.     Three 40x40mm Peltiers with cold side fan off 
 
Figure 7.11 shows how leaving the cold side heat sink fan off results in a very low cold side heat sink 
temperature of 8.1°F. This shows that the Peltier stack can reach a freezing temperature, but not yet as low 
as the goal of -10°F. Seeing as this is the closest temperature to the goal reached so far, the temperature 
goal was altered. The first temperature goal is 30˚F, to show that the chamber can reach freezing, and then 
once that is reached the second target will be 10˚F. To experiment and see how the cold side heat sink 
would react to suddenly having a forced convection load on the cold side heat sink, the team kept all 
parameters the same and turned on the cold side heatsink fan. This transient response can be seen in Figure 
7.12. 
 
 
Figure 7.12.     Transient response of cold side fan being turned on. 
As seen in Figure 7.12, the cold side heat sink sucked in heat from the chamber within five minutes and 
reached a temperature of 41.7°F before decreasing again. After 30 min, the chamber temperature was 
46.5°F, far away from either of the goal temperatures. The Peltier heat extraction is small enough (the 
team estimates less than 10W) that the heat leakage into the refrigerator was a significant concern. This is 
why it was helpful in the final design to use heat extraction data for tetech Peltiers ordered to develop a 
theoretical model of the refrigerator. This is how the team made the design choice of having two Peltier 
stacks. Table 7.1 shows how much power was consumed by the Peltier stack of three 40x40mm Peltiers. 
  
Table 7.1.     Power consumption of three 40x40mm Peltiers 
Peltier Current (A) Voltage (V) Power consumed (W) 
Cold 2 2.3 4.6 
Middle 4 5.2 20.8 
Hot 6 8.0 48.0 
TOTAL 12 15.5 73.4 
 
The power consumed for more than one stack will only affect the voltage, since all the cold Peltiers will 
be running on the same current, along with all the middle Peltiers on their same current, and all the hot 
Peltiers on their own current. This means that for two Peltier stacks, the total power consumed will just 
equal the power consumed by one stack multiplied by two. So, in the above case, the power consumed by 
two Peltier stacks would be 146.8W. Testing has been performed for a pyramidal shape of Peltier stack, 
but the data above has been the most promising. The pyramidal stack did not get below 10ºF even after 
turning off the cold side heat sink fan. 
 
A stack of two Peltiers was shown to be the most promising design for this application. It provided the 
lowest temperatures with the least amount of power draw. It was determined that two stacks would be used 
for the chamber to get the temperature closer to the goals of 30˚F and 10˚F. The main limitation for the 
Peltier stack was the heat transfer between the two units, to resolve this issue a multi-stage Peltier was 
ordered.  
 
7.3 PELTIER HEAT TRANSFER TESTING  
 
To determine how much heat is being extracted by a Peltier stack, the team experimentally determined the 
thermal resistance of a polyethylene foam refrigerator (a cheap Styrofoam refrigerator from Home Depot) 
and then tested the Peltier stack. This enabled the team to determine whether the data given by tetech was 
accurate to what was experimentally measured by the team. Once this configuration reached steady state 
operation, the heat extracted by the Peltiers was equal to the heat leakage into the refrigerator. As 
mentioned in section 7.2, the Peltier heat flowrate needed to be known to determine how many Peltier 
stacks were be necessary to overcome the heat leakage of the refrigerator and reach the temperature goal. 
This will justify the use of tetech data for Peltier selection in the refrigerator final design.  
 
The first step in this process was to determine the thermal resistance (R value) of the Styrofoam being 
used. Figure 7.13 shows the experimental set up. 
  
Figure 7.13. Experimental set up. 
 
The calculated value for the Styrofoam was 𝑅 = 0.219
˚𝐶∙𝑚2
𝑊
. In order to determine the overall thermal 
resistance of the cooler the thermal resistance value was divided by the surface area of the cooler, 
0.5977 𝑚2 to get 𝑅𝑡𝑜𝑡 = 0.661
℉
𝑊
 . In order to validate the theoretical models provided by tetech, the team 
then measured the temperature difference across one wall of the cooler and using the calculated R value 
in equation 7.1, the heat transfer was determined to be 27.45 𝑊. 
 𝑄 =  
1
𝑅𝑤𝑎𝑙𝑙
(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (7.1) 
This test was conducted at 12V and temperature difference of 18˚F (7˚C). The theoretical curve shown in 
Figure 7.14 predicts the heat transfer to be about 27 W, showing agreement between the theoretical and 
experimental results. This justified the use of Figure 7.14 in predicting the performance of the refrigerator 
overall.  
 
Figure 7.14. Data provided by tetech for Peltier modules used in final design. 
 
The next step for the team was to determine the thermal resistance of the corrugate walls being used in the 
design. Using the same theoretical premise as with the Styrofoam wall, the corrugate-aerogel wall was 
determined to have a thermal resistance of 𝑅 = 0.0483 
˚𝐶 𝑚2
𝑊
. At this point, the team noted the large 
difference between the thermal resistance of the Styrofoam and the corrugate wall. Likely due to the 
difference in thickness and reduction in air gaps in the Styrofoam manufacturing. This discrepancy caused 
a change in design: the refrigerator would be tested with only the corrugate wall first to see how it 
performed, but ultimately at least one layer of Styrofoam would be added to the exterior to increase the 
insulation.  
 7.4 INSULATION TESTING  
 
After the initial insulation heat transfer analysis, it was determined that the material properties of aerogel 
and rice hulls should be investigated further. These are relatively new materials for the application of 
insulation, so testing was required to determine their thermal conductivity to use in heat transfer 
calculations for the refrigerator. Little research has been done as to how these materials perform long term 
for insulation purposes. These two materials provide good options for very different markets, rice hulls 
would be beneficial in developing nations due to their wide accessibility, low cost, and low environmental 
impact. In addition to rice hulls, hemp was also investigated as a possible solution for the same market. 
Aerogel was also investigated as it was found to have the most potential for thermal isolation.  
 
The goal of this experiment was to determine the thermal conductivity of each material given a heat flux 
and temperature difference. This enables quick calculation of temperature change across the walls of the 
refrigerator using the experimental thermal conductivity and measured heat flux. The walls used in the 
testing rig were aluminum. Metals have well recorded thermal properties; therefore, it was unnecessary to 
measure the thermal response of the wall in the test to determine an equation for the total heat transfer 
through the composite wall. To develop an equation that can predict future heat flux or temperature change, 
the thermal conductivities of the insulation materials were measured. Thermal conductivity is a function 
of temperature and pressure; therefore, the tests were all performed at the same temperature and operating 
pressure that were predicted for the thermoelectric refrigerator. All materials were tested in the same rig 
as discussed below. 
     
7.4.1 Experimentation 
      
A testing rig was designed specifically for the insulation experiments. The conditions for which all the 
thermal conductivities were measured was held constant to ensure comparable results. 
  
7.4.1.1 Fabrication 
      
To compare the thermal conductivities of each material, the thickness parameter was held constant for 
each material and therefore each testing section. The results of this were 6.5±1.5mm thick test sections. 
The aerogel was purchased in a 5 mm sheet, so to control the thickness parameter in the experiment, the 
hemp and rice hull samples were fabricated to be a similar thickness. The silicone and organic materials 
were mixed together and bonded for 24 hours in a wood frame 1-square-foot in area with a height of 5 
mm. During the bonding process weight was added to the drying section to maintain a consistent thickness. 
Figure 7.15 shows the test section created for the rice hulls. The hemp test section was created in the same 
fashion. 
     
  
Figure 7.15.    Manufactured test specimen using rice hulls and silicone caulking. 
 To construct the hemp and rice hulls into panels with a given thickness, they were bonded with silicone 
caulking. Silicone was selected for its low thermal conductivity and bonding capabilities. The same fiber 
to silicone mass ratio was used for both samples, 20 % by weight fiber, to ensure a viable comparison. In 
addition, another test section was created in the same fashion out of silicone caulking for further analysis 
which will be discussed later. The measured mass and thickness for each test section is presented in Table 
7.2.   
 
Table 7.2.    Measured mass and thickness of each material. 
 
   
7.4.1.2 Experimental Setup 
  
Since thermal conductivity is a function of temperature, the experiment was set to be as close to operating 
temperatures of the refrigerator as possible. The expected operating conditions of the refrigerator are -15 
°C on the inner surface and 45 °C on the outer surface. To get the most representative thermal conductivity 
for the operating conditions, the testing rig needed to span almost the entire temperature range anticipated 
without overshooting it by too much. Three initial experiments were run to determine the best design for 
the testing rig. These initial tests varied the temperatures of the cold side or hot side. 
  
The first experimental setup maintained the cold side temperature with dry ice on the cold side, and a low 
voltage input into the surface heater to maintain the hot side temperature. Once the data was collected, it 
was found that this setup was too cold, with the cold side being -73°C, and the hot side of the insulation 
stabilizing at 10 °C. While this setup achieved a large temperature change across the testing rig, most of 
the temperature measurements were below the threshold of temperatures anticipated for the refrigerator. 
Additionally, thermal conductivity increases with temperature, therefore this experimental setup would 
overpredict how the insulation would perform when applied to the refrigerator. The second experimental 
setup used ice on the cold side and the same low voltage input to the surface heater as used in the first 
setup. This produced a temperature range of 0°C to 22°C, which was a subset of the operating conditions. 
Although the temperature range of the second setup did not span the entire range of operation it gave a 
more accurate measurement for a subset of the conditions. The conclusion from the first two tests was that 
the experiment should be run with ice on the cold side and the heater on the hot side but supplied with a 
higher voltage to capture the higher range of temperatures within the operating conditions. 
  
The third test was run without ice but supplying the rated voltage to the heater (120 VAC) to determine 
the highest possible temperature. The heater quickly went above 120 °C, far above the limit of the 
operating conditions, at which point a dimmer was wired in series with the heater to give control over the 
power supplied. Additionally, an insulating foam block and a weight was placed on top of the surface 
heater to ensure minimal heat loss to the surroundings. With higher voltage supplied to the heating element 
 coupled with ice maintaining the cold side of the rig, a temperature range of 0 °C to 60 °C was achievable. 
This experimental design as seen in Figure 7.16 was used to test each sample. 
 
A higher temperature was maintained by the heater than was anticipated for the ambient operating 
conditions because of the added insulation of the heat flux sensor on the hot side of the testing rig. 
Although the recorded heater temperatures were almost double that of upper limit operating conditions, 
the hot side of the test section measured at an average of 30 °C. The cold side had a 5 °C temperature 
change across the aluminum plate, so 30 °C at the hot side of the insulation mimics the response of having 
the heater at 35 °C and only an aluminum plate between them. 
 
 
Figure 7.16. Experimental setup that was used to conduct the experiment.  (A) Dimmer in series with 
heater. (B) Testing rig. (C) Voltmeter to read heat flux sensor data. (D) Thermocouple 
reader. 
 
Each insulation material was assembled in the same rig as seen in Figure 7.18. The insulation on the sides 
of the testing rig serves to reduce losses due to convection out of the test section, assuming 1-D conduction 
in the direction of heat flow. The experiment was designed to measure the heat flux and temperatures in 
the direction of heat flow to calculate the thermal conductivity of the material in the test section. Figure 
7.17 shows the insulated rig with the surface heater visible. 
 
 
Figure 7.17.    Insulated experimental rig used for testing whose interior is described by Figure 7.18. 
  
Figure 7.17.     Schematic of the experimental test rig. The four type-K thermocouple locations are 
indicated by asterisks (*) and labeled as T1, T2, T3, and T4. 
 
The hot side temperature was controlled by a silicone resistor-based surface heater and the cold side 
temperature was maintained with an ice bath. These set the boundary conditions for the experiment—
constant heat flux on the hot side and the cold side maintained at a constant temperature. To control the 
power delivered to the heater a dimmer was wired in series with the surface heater, and each test was run 
with the dimmer set to approximately the same setting. Additional insulation was added to the silicone 
heater where it was in contact with ambient as to avoid heat loss to the surroundings, and a weight was 
placed on top of the testing rig to give the thermocouples good contact. To isolate the rig from any heat 
loss out of the sides of the testing rig, R-2 piping insulation was wrapped around the outer edges of the 
testing rig and sealed with aluminum tape. As the test section heated, each section came to equilibrium 
temperatures. Once steady state was reached data was collected for an additional 5-10 minutes. These 
values were then averaged to determine the experimental thermal conductivity of each material. Five tests 
were run for each insulation and the thermal conductivities averaged to determine the experimental values. 
  
7.4.1.3 Experimental Results 
  
The experimental data for the heat flux through the test section and the temperature difference between 
thermocouples T2 and T3 are presented in Figures 7.19, 7.20, 7.21, and 7.22 for the hemp, rice hulls, 
aerogel, and silicone caulking, respectively. Each test was conducted with the dimmer on the surface heater 
allowing for ¼ power. Data was collected until all the desired values were not changing with respect to 
time. The data collected when the system was at steady-state was used for determining the thermal 
conductivity of each material, but the transient responses of each test were included for completeness. 
 
Figure 7.19.    Results of the bio-composite hemp insulation testing. Experimental heat flux data 
(left) and temperature difference between thermocouples T2 and T3 (right). 
 As shown in Figure 7.19, the surface heater provided consistent heat flux values for each trial. The 
temperature difference across the test section provided sufficient steady-state data for determining the 
thermal conductivity of the hemp insulation. Trials 1 and 2 were ended early because the system reached 
steady-state faster than the other trials. 
 
 
Figure 7.20.     Results of the bio-composite rice hull insulation testing. Experimental heat flux data (left) 
and temperature difference between thermocouples T2 and T3 (right). 
 
Like the hemp insulation tests, the heat flux provided by the surface heater was consistent for all trials as 
seen in Figure 7.20. However, with the same power settings on the surface heater, a smaller temperature 
difference was achieved for the rice hulls insulation. Again, trials 2 and 3 were ended earlier than the 
others due to the system reaching steady state faster. 
 
 
Figure 7.21.     Results of the bio-composite aerogel insulation testing. Experimental heat flux results 
(left) and temperature difference between thermocouples T2 and T3 (right). 
Shown in Figure 7.21, a much higher temperature difference was achieved during the aerogel insulation 
testing, with a slightly smaller heat flux for each trial. The trial 4 temperature difference and heat flux were 
significantly higher than the other trials. This is likely because the experimental setup used for this testing 
did not utilize a control circuit and thus had some fluctuations to the heat flux being supplied. Differences 
 in atmospheric conditions and the ambient temperature could also have affected the point at which steady-
state was reached, as some trials were performed on different days.   
 
 
Figure 7.22.     Results of the silicone caulking testing. Experimental heat flux data (left) and 
temperature difference between thermocouples T2 and T3 (right). 
 
The experimental results for the silicone caulking testing, shown in Figure 7.22, indicate that the surface 
heater was able to provide a significantly higher heat flux for a lower temperature difference. This large 
heat flux compared to the other tests is likely due to the smaller thickness of the silicone caulking test 
section. Again, trials 1 and 5 had larger temperature differences compared to the other trials due to the 
uncontrolled heat flux being supplied, the difference in the steady-state heat flux of these trials can be 
observed in the left plot shown in Figure 7.22. 
  
7.4.2 Results 
 
The experimental data discussed above was used for further analysis to calculate the thermal conductivity 
of each testing material and the overall statistical and measurement uncertainty of each value presented. 
The values presented are accompanied by relevant theory and analysis to support the discussion of the 
results. 
  
7.4.2.1 Thermal Analysis and Results 
  
Fourier’s equation was used to conduct a theoretical heat transfer analysis to determine the thermal 
conductivity of the materials being tested. For this analysis, the hot side temperature, cold side temperature, 
and the heat flux provided to the system were assumed to be at steady state, or invariable with time. In 
addition, the conduction through the test section occurred in one direction. Thus, the 1-D steady-state 
simplified Fourier’s equation was employed for this analysis, shown in Equation 7.2, 
 
 𝑞𝑥
′′ =  −𝑘𝛻𝑇 (7.2) 
 
where 𝑞𝑥
′′ is the heat flux in W/m2, 𝑘 is the thermal conductivity in W/m-K, and 𝑇 is the temperature in 
K. The system was assumed to be sufficiently insulated such that convection and radiation effects could 
be neglected, and the temperature gradient across the test section was constant. Equation 3.1 was then 
simplified further to yield Equation 7.3, 
 
  𝑞𝑥
′′ =  −
𝑘
𝐿
 (𝑇𝐶 −  𝑇𝐻) (7.3) 
 
where 𝐿 is the length of the test section in m, 𝑇𝐻 is the hot side of the insulation temperature in K, and 𝑇𝐶 
is the cold side of the insulation temperature in K. Solving for the thermal conductivity 𝑘 in Equation 7.4,  
 
 𝑘 =  
𝑞𝑥
′′ 𝐿
𝑇𝐻 −  𝑇𝐶
 (7.4) 
 
the thermal conductivity of the test materials could be determined using the experimentally measured 
values. A detailed sample derivation can be found in Appendix C. Using Equation 3.3, the thermal 
conductivity of each material was calculated for the five trials. The average values of the steady-state 
temperature difference and heat flux data were used for each calculation. The average thermal conductivity 
and the standard deviation of the results for each material is presented in Table 7.3. 
 
Table 7.3.     Compiled thermal conductivity data for each material over five trials, averages and standard 
deviation calculated. 
 
 
To estimate the thermal conductivity of all samples, a statistical analysis was conducted to determine the 
95 % confidence interval of the infinite population. The model shown in Equation 7.5 was used to predict 
the infinite population mean from the finite-population mean and standard deviation 
 
 𝜇 =  ?̅?  ± 
𝑡 𝑠
√𝑛
 (7.5) 
 
where 𝜇 is the infinite population mean, ?̅? is the sample mean, 𝑡 is the Student-t statistic variable, 𝑠 is the 
standard deviation of the sample, and 𝑛 is the sample size. The Student-t statistic variable was obtained 
from Student-t Statistic tables for a 95 % confidence interval [17]. 
  
The uncertainty of the thermal conductivity due to the resolution of the measuring devices used in this 
experiment was determined using uncertainty analysis. Equation 7.6 was used to determine the uncertainty 
of the thermal conductivity, taking Equation 7.4 as the function 𝑘,  
 
 𝑈𝑘 =  √(
𝜕𝑘
𝜕𝐿
 𝑈𝐿)
2
+  (
𝜕𝑘
𝜕𝑞𝑥′′
 𝑈𝑞𝑥′′)
2
+  (
𝜕𝑘
𝜕𝛥𝑇
 𝑈𝛥𝑇)
2
 (7.6) 
  
where 𝑈𝑘 is the uncertainty of the thermal conductivity and 𝑈𝑥 is the measurement uncertainty of each 
measured quantity. Defining 𝑈𝑠 =  
𝑡 𝑠
√𝑛
 as the statistical uncertainty, the total uncertainty of the thermal 
conductivity can be found using Equation 7.7.  
 
 𝑈𝑇 =  √𝑈𝑘
2 +  𝑈𝑠
2 (7.7) 
 
A detailed sample analysis can be found in Appendix C.  
 
3.5.3.2.2 Results and Discussion 
  
Table 7.4 presents the thermal conductivity of all testing materials and their uncertainties from the averages 
of the trials and the uncertainty analysis introduced above. 
  
Table 7.4.    Presented thermal conductivity of all tested materials and their uncertainties. 
 
 
The aerogel provides the best heat transfer resistance for conduction due to its low thermal conductivity 
value. The silicone caulking also has a low thermal conductivity, and thus can add a significant thermal 
resistance to a composite insulation. The hemp silicone and rice hull silicone bio-composites, while having 
less competitive thermal conductivity values, could provide an inexpensive alternative to more widely 
used insulation materials. Below, analysis is performed to calculate the equivalent thermal conductivity of 
hemp and rice hulls without the addition of silicone caulking. 
  
A thermal resistance analogy was used to determine the thermal conductivity of the materials that were 
mixed with silicone caulking to form the test section. Using the experimentally determined thermal 
conductivity values of the silicone caulking and the bio-composite silicone material, the thermal 
conductivity of the testing material could be determined by employing Equation 7.8, 
 
 𝑘𝑡 =  𝐿𝑡 (
𝐿𝑡𝑜𝑡𝑎𝑙
𝑘𝑡𝑜𝑡𝑎𝑙
 −  
𝐿𝑠
𝑘𝑠
)
−1
 (7.8) 
 
where 𝑘𝑡 is the thermal conductivity of the testing material, 𝑘𝑡𝑜𝑡𝑎𝑙 is the thermal conductivity of the bio-
composite material, and 𝑘𝑠 is the thermal conductivity of the silicone caulking, all in units of W/m-K. 
𝐿𝑡𝑜𝑡𝑎𝑙, 𝐿𝑠, and 𝐿𝑡 are the thicknesses in units of m of the bio-composite material, the silicone caulking test 
section, and the organic material, respectively. An analysis of the thermal resistance analogy can be found 
in Appendix C.  
  
Table 7.5.    Thermal conductivity values of the hemp and rice hulls alone. 
 
 The thermal conductivity of the hemp and rice hulls without the silicone caulking are presented in Table 
7.5. Removing the thermal resistance of the silicone caulking made the thermal conductivities of the 
organic materials higher, showing that silicone caulking is a better insulator than either of these materials 
alone. The difference between the original measured conductivity and the corrected conductivity was 
larger for the rice hulls than hemp as can be seen in Table 7.5. The drastic difference between the respective 
changes in thermal conductivity is likely due to two main factors: density and difference in thermal 
conductivity from silicone. Both materials’ densities were measured, and it was found that the rice hulls 
were denser, and therefore for the same mass they would have taken up less space within the bio-composite 
section. This is important in the thermal resistance approximation of the materials because it is based upon 
the thickness of each material in the bio-composite section—not the mass, which was the factor kept 
constant in manufacturing. The hemp was 1 mm thicker than the rice hulls in the bio-composite section—
approximately a 15% difference in thickness. The second factor that caused such a large discrepancy in 
percent difference was how different the thermal conductivities of the bio-composite sections were from 
the thermal conductivity of the silicone. The thermal conductivity of hemp is closer to that of silicone, so 
adding the silicone in the bio-composite section didn’t change the bio-composite thermal conductivity by 
as drastic an amount as the rice hull bio-composite. Due to the rice hulls’ thermal conductivity being much 
higher than that of silicone, adding silicone made the rice hull bio-composite significantly better at 
insulating. 
  
The aerogel test section provided the most resistance to conduction with the lowest thermal conductivity 
of 0.0305 W/m-K. Typical refrigerators on the market use polystyrene or polyurethane as the insulation. 
The thermal conductivity of polystyrene is approximately 0.038 W/m-K, depending on the conditions, and 
polyurethane’s thermal conductivity is approximately 0.034 W/m-K [18] [19]. Aerogel’s thermal 
conductivity is better than these foams, and therefore is a competitive alternative to these other insulating 
materials. Aerogel is lightweight, and its premade sheets are very flexible making it a versatile option for 
thermal insulation. In contrast, aerogel is very expensive making it less accessible to a wide range of 
markets. Rice hulls and hemp, while an order of magnitude worse in terms of thermal conductivity, offer 
environmental and cost benefits if they can be tailored to the specific application. The plain hemp and 
plain rice hulls thermal conductivity values were not comparable to that of the aerogel or the silicone 
caulking test sections but could still have a wide range of uses for cheaper applications. Since these 
materials are green, cheap, and readily available, hemp and rice hulls are a viable option for food storage 
applications in developing nations. 
 
7.5 CONTROLS TESTING  
 
To test the controller and filter design, hardware such as a microcontroller, LCD screen, keypad, and 
current drivers were selected to control the Peltier and heatsink stacks.  Using the control theory and 
simulation presented, a finite-state-machine program was written that controls the hardware. Using 
cooperative multitasking techniques, tasks will be designed that run simultaneously to implement the 
hardware and control the inner temperature of the refrigerator. The LCD screen and keypad serve as an 
interface to provide a way to select a specific desired temperature, as well as display other useful 
temperature values for testing. An app was developed as the user interface. Unfortunately, due to 
manufacturing issues the PCB board was unable to be completed although all the theory was designed and 
is detailed in Section 5.5. 
 
7.6 PROTOTYPE TESTING  
 
Once the prototype was built, the system was wired to a power supply to test the temperatures that could 
be reached within the chamber. A picture of first build of the refrigerator is shown in Figure 7.23  
 
  
Figure 7.23. View of the first build stage of the refrigerator. 
 
Figure 7.24 Shows a top view of the refrigerator. As you can see in both figures, there were many areas 
for improvement at this stage, particularly with respect to sealing of the lid and between the walls and 
bottom of the refrigerator. 
 
 
Figure 7.24. Top view of the first build stage of the refrigerator. 
 
This build was tested with two power supplies as a preliminary test to PCB testing. The distribution of 
voltage and current to each device can be seen in Figure 7.25 The Peltiers were supplied by their own 
power supply.  
 
 Figure 7.25. Current and voltage diagram for the test of the first build. 
 
The test was run for one hour to see how the refrigerator performed at this stage. The results can be found 
in Figure 7.26. 
 
 
Figure 7.26. Temperature data for the test on the first build. 
 
The results from this initial test were promising, however it did miss the critical mark of 30˚F. In 
order to try and reach this critical temperature, silicone caulking was added inside the refrigerator 
to decrease losses between walls, and an additional 3/4 inch of Styrofoam was added to the outside 
of the refrigerator to increase insulation. After adding the Styrofoam to the outside, the data in 
Figure 7.27 was collected.  
 
 
Figure 7.27. Data collected from the final build. Critical temperatures and times are noted on the 
plot. 
 Another test was run with the Peltiers at 13V and 5A, at 115 minutes the chamber ambient reached 
29.9 ˚ F, a negligible difference from the 12V and 4A condition, and therefore the power difference 
was unjustifiable. An additional test was run with the inside fans run at 5V instead of their 
previous 12V, and at 115 minutes the chamber reached 28.4 ˚F. This difference, although small, 
is beneficial and is the final voltage value decided for the inside fans. The goal chamber 
temperature of 30˚F was reached at just over one and a half hours, beating the market competition, 
with freezing temperatures reached a full 30 minutes before this.  
 
8.0 PROJECT MANAGEMENT 
 
With a group of four Mechanical Engineering students and a previous example to start from, as well as 
plenty of current products on the market to benchmark from, the process of improving the current models 
was paramount. The full refrigerator has been designed, tested, and built with results achieving the design 
goals. In addition, a safety hazard checklist is presented in Appendix H explaining the safety hazards that 
for this project. Table 8.1 shows the key deliverables of the project and the quarter that they were 
completed. 
 
Table 8.1.     List of key deliverables for the project. 
Quarter Key Deliverables Completed? 
1st Quarter 
ME428 
Letter of Introduction to Sponsor Yes 
Team Contract Yes 
Quality Function Deployment Yes 
Scope of Work Yes 
Concept Models and Concept Prototype Yes 
Preliminary Design Review Yes 
Failure Modes and Effects Analysis Yes 
2nd Quarter 
ME429 
Interim Design Review Yes 
Critical Design Review Yes 
Risk Assessment  Yes 
Ethics Activities Yes 
Manufacturing and Test Review Yes 
 3rd Quarter 
ME430 
Project Update Memo Yes 
Hardware/Safety Demo Yes 
Final Design Review Yes 
 
In addition to Table 5 above, a Gantt Chart can be found in Appendix L showing specific information 
regarding the deadlines of the deliverables listed. 
 
9.0 CONCLUSION AND RECOMMENDATIONS 
 
The purpose of this document is to outline the work done to create a versatile thermoelectric refrigerator. 
By disassembling and working to understand the limitations of existing products, a more robust and 
reliable product was designed. The final product reached freezing temperatures after approximately an 
hour, outperforming all of the tested competition. Research on existing patents utilizing Peltier devices 
has given us valuable insight on what is currently possible utilizing these devices. Based on research and 
communication with the customer, a list of customer needs and engineering specifications was developed. 
The chosen design is explained in the above text and was presented to peers in a Final Design Review 
presentation.  
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